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Computer processing of microscopic 
images of bacteria: 
morphometry and fluorimetry 
Michael H.F. Wilkinson, Gijsbert 1. Jansen and Dirk van der Waaij 
M icroscopic computerized image processing has proved to bc a valuable 
tool in studying complex microbial 
ecosystems, whether tcrrcstrial’, 
planktonic?.’ or bound to various 
surfaces’-“. Considering planktonic 
bacteria, Hjcrrnset? and Sicracki 
el al.’ (among others) have done 
much important work in detcrmin- 
ing numbers of organisms, their 
size distribution and total biomass, 
and most methods have focused on 
thcsc variables. These parameters 
yield important clues to the state 
of an ccosystcm, and any change in 
any of thcsc parameters indicates a 
change in the ecosystem. 
Our group is intcrcstcd in the 
ccosysteni of the human intes- 
tinal microflora. The human intcs- 
tine contains over 400 spccics of 
predominantly anaerobic bacteria, 
which live in apparent harmony 
with the host and arc tolerated by 
the immune system. This microflora 
is thought to be responsible for the 
resistance to colonization of the hu- 
man intestine; it forms a first line 
of defence against intruding patho- 
gcns-. If this microflora is wiped 
out, for example, by antimicrobial 
therapy, overgrowth by drug-resist- 
ant microbes can result. IJsing 
computer image analysis, we have 
attempted to study both the micro- 
flora itself and its interaction with 
the immune system of the host”.‘. 
Several techniques that USC times that arc needed for fluor- 
computer analysis of microscopic csccnce measurements’2, mounted 
images have been developed to on top of a microscope and linked 
study the complicated microbial to a computer, which is equipped 
flora in the human intestine, with electronic circuits to allow 
including measuring the shape video images to be captured in com- 
and fluorescence intensity of putcr memory. Once images have 
bacteria. These tcchniqucs allow been stored, they can subsequently 
rapid assessment of changes in the be processed using standard digital 
intestinal flora and could apply image analysis tcchniqucs’j and 
equally to other complex personal computers and software 
microbial ecosystems. that we have developed. 
Morphometry 
We have focused on shapex.“‘~” and 
fluorescence”.“,’ 1 nicasurements on 
microscopic slides of bacteria iso- 
lated directly from facces; however, 
the methods that WC have wised 
could probably be applied to many 
other microbial ecosystems. In this 
article, WC describe these methods 
and the results that we have ob- 
tained using them, and discuss some 
future prospects for microscopic 
image analysis in microbiology. 
The GRID system 
Our microscopic image analysis 
system has been named Groningcn 
reduction of image data (GRII))S~‘~. 
The system consists of an industrial 
video camera that has been modi- 
ficd to provide the long exposure 
A human observer can readily dis- 
tinguish bacteria on an image such 
as that in Fig. la, but computers 
find the task more difficult. Bcforc 
any mcasurcmcnt can bc made, the 
image must bc divided into objects 
(the bacteria) and background. We 
use an automated segmentation 
technique’” similar to those that 
have been dcscribcd prcviously’5-‘7. 
‘[‘he image is segmented and con- 
vcrtcd into a binary image (Fig. I b), 
revealing objects in the form of 
white connected regions. The sur- 
face area, perimctcr, width, length 
and other morphological par- 
amctcrs of each connected region 
can be obtained readily”. Obtain- 
ing the true size or volume of each 
bacterium is slightly more compli- 
cated. No imaging system is com- 
pletely free of distortion, and many 
staining and slide-l”eparatioli tcch- 
niques distort the original shape of 
OPINION .- .~- - 
Fig. 1. (a) Grey-scale Image of a full field of view of nigrosin-counterstamed faecal 
bacteria. (b) Same Image segmented automatically into objects (whltc) and back- 
ground (black). Scale bar .- 10 pm in both parts. 
-.-- 
bacteria, and for nccurnrc sizing and 
measurement of biomass, thcsc dis- 
tortions must he corrected’“. 
Mcijcr et al.“-” introduced an 
alternative approach to mor- 
phometry that does not attempt 
to mcasurc quantities SLICK as the 
true surface xxx or perimctcr. 
Instead, the morl’hologicaI par- 
amctcrs measured from images SLIC~I 
as those in Fig. I b arc considcrcd 
only to rclatc to the image of each 
ohjcct, rather than to the object 
itself. Provided the mining and 
imnging proccdurcs arc kept C‘OII- 
sranl, changes in rhc niorphologi- 
cal distributions under study can bc 
quantified. 
Further stnristical processing is 
ncccss~~r-y bccausc the raw mor- 
phological paramtcrs arc wry intcr- 
dcpmdcnt (Fig. 2). \lcijcr and co- 
workers have shown that principal 
coniponcnt analysis yields a stat- 
istically optimal description of the 
morphological distribution of hac- 
tcria. I’his analysis assigns three 
principal component scores to each 
bacterium, which arc ordcrcd by 
their innpor’ance in describing the 
ohscrvcd morphological variance 
in the population. I:oI- fncul hc- 
tcria, the first component (F I ), A 
function of the elongation of the 
bacterium, explains approximately 
80% of the total variance, the scc- 
and (12), a function of the width, 
13.4(X,, and the third (F.3), a func-. 
tion of the irregularity of the object 
borders, 5.4%. Thus, the elongation 
of txuxerin (in fneccs) accounts for 
80% of the diversity of shapes, com- 
plctcly in accordance with the tra- 
ditionat distinction into cocci and 
(long or short) rods. The first two 
components arc plotted in Fig. 217, 
in a so-called morphogram. This is 
a modified scatter plot that shows 
actunI images of bxtcria instcad of 
arbitrary symbols, and such plots 
arc required to dcducc the actual 
morphological meaning of thcsc 
abstract parameters. 
it is impossible to identify the 
species from the morphology of a 
sin& ohicct hcca~~se, even in n pure 
culture, there is great diversity in 
shape (Fig. 3). Mowcvcr, statistics 
of the distribution of the bacterial 
population can give more infor- 
mation. Morphological diversity 
can be cstimatcd using the entropy 
of the distribution (introduced h) 
Shannon and Wcavcr”‘), which 
measures the amount of information 
in the distribution, rather than the 
standard deviation. hlcijer (It al. hy- 
pothesized that 311): large decrease 
in morphological diversity must in 
sonic way rcflcct ecological damage. 
In ~1 study of I1 healthy volunteers 
who were given a daily dose of I g 
of the antibiotic ccftriaxonc intra- 
muscularly for 5 d, after 3 d, the 
microflora of many volunteers 
showed a pronounced decrease in 
the morphological entropy’ I. iI 
simultaneous study in which IXK- 
tcria wcrc cultured from fnccal 
samples showed a large drop in 
numbers of vial+ anaerobic bacteria 
in thcsc voluntecrs2” (Fig. 4). An im- 
portant diffcrcncc hetwccn culturing 
and image analysis is that the former 
is far slower and more labour in- 
tensive: during thcsc cxpcrimcnts, 
2 I 8 samples were proccsscd using 
image analysis, whcrcas only 48 of 
these samples could bc cLllturcd. 
Fluorimetry 
A second application of (;KiD is 
to quantify the ;intibody-medinte~l 
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Fig. 2. Modified scatter plots (morphograms) of morphological parameters of faecal bacteria, showing the actual bacterial shapes on the 
appropriate spots in the diagram. (a) Shows the strong correlation between surface area and perimeter. (b) Plots the first two principal 
component scores (Fl and F2); the reduced correlation makes statistical comparison of the morphological distributions much easier. 
the intestinal bacteria using an 
immunofluorescence technique”JJ. 
Serum is added to bacteria fixed to 
a slide, and then serum antibodies 
bound to the bacterial surface arc 
labelled using fluorescent anti- 
bodies. Fluorescence and phase- 
contrast images of the same field 
of view are taken with the same 
camera. The phase-contrast image is bodies were added) allows the 
segmented into objects and back- amount of fluorcsccncc due to the 
ground, and the fluorescence inten- serum antibodies to be calculated. 
sities of the objects are then deter- In addition, morphomctry is done 
mined from the corresponding on the segmented (phase-contrast) 
areas of the fluorescent image. image. The error in antibody titres 
Comparison of the fluorescence of measured like this is approximately 
labcllcd bacteria with a ncgativc 6-10X, which is 3S-fold more 
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Fig. 3. Contour diagrams of the density distributions as a function of the first two principal components of the morphological drstribution (Fl and 
F2) of pure cultures of (a) Eschenchia co/i and (b) Clostridium perfringens, overlaid with the shapes of the bacteria. Note that the distribubons 
are distinct, but there is a !ot of overlap. 
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Fig. 4. The effect of treatment with the antibiotlc ceftriaxonc on the (log,,,) total 
anaerobic bacteria counts (filled circle) derived from culture anaeroblcally. and mor- 
phological diversity expressed as the entropy of the morphological distributions (open 
circle), in faeces of two healthy volunteers. The period of treatment is indicated by the 
solid bar. (a) Volunteer A had no detectable ceftriaxone in the faeces, indicating 
that the antibiotic had been inactivated. (b) Volunteer B had a high concentration 
of ceftriaxone: both the total number of anaerobes and thclr morphology are affected. 
This system has been used to 
mcasurc the effect of daily oral ad- 
ministration of IO’ viable htero- 
coccus faecalis organisms: a pro- 
biotic that is supposed to have an 
immune-modulating cffcct. Several 
effects were measured. First, a sig- 
nificant decrease in titres of cir- 
culating immunoglobulin G (IgG) 
antibodies against the administered 
bacterium was detected:‘. Second, 
changes both in the antibody-bind- 
ing capacity of the microflora, and 
in the repertoire of circulating IgG 
antibodies directed against the in- 
testinal microflora wc‘rc dctcctcd2‘ 
Finally, a subtle decrease in the 
population mean of the morphologi- 
cal entropy was found2’. It is un- 
clear what clinical significance these 
observations have. 
Discussion 
It should be stressed that the rc- 
suits obtained by any quantitative 
microscopic image analysis system 
can only bc as good as the slides. 
Considerable effort has been in- 
vested in obtaining high-quality 
slides, both for morphomctry” and 
fluorimctry’.“. Calibration of the 
fluorescence signal must also be 
done with care”.“‘. Thorough vali- 
dation of a new method must always 
kc a first step. 
‘I’he type of statistical analysis 
applied by Meijer et ul. to intcs- 
tinal bacteria is very likely to be 
cq~~ally valid for other ecosystems. 
Although the idea that morpho- 
logical diversity rclatcs to ccologi- 
cal diversity is intuitively appealing, 
considerably more work is rcquircd 
hcforc thcsc two quantities can bc 
confidently linked. Morphological 
entropy clearly drops dramatically 
when the numbers of viable bac- 
teria drop dramatically; however, a 
concurrent drop in spccics divcrsit) 
still needs to be shown for the link 
hctween morphological entropy and 
ecological diversity to be really con- 
vincing. It would bc very intcrcst- 
ing to SW whether the entropy of 
the morphological distribution of 
bacteria in aquatic or terrestrial cco- 
systems could meaningfully quan- 
tify their diversity. 
The great drawback of the mor- 
phological method is that spccics 
camlot be identified. Fluorimctry, 
especially combined with mor- 
phomctry, could well have more 
to offer. For example, fluoresccncc 
in situ hybridization (FISI I), which 
USC’S fluorcsccnt DNA probes that 
could bc targeted against the ribo- 
somal RNA of single species, gcncra 
or larger taxonomic groups of bac- 
tcria2’ should allow the hitherto- 
anonymous objects in each image 
to bc identified. Combining this in- 
formation with morphological data 
could show the growth phase of 
each taxonomic group within the 
ecosystem, without the need to cul- 
turc organisms. Our laboratory has 
already started to try to apply this 
technique to the intestinal micro- 
flora, and applications to other cco- 
systems, for cxampIc, in dairy prod- 
ucts?‘, have already been reported. 
FISH will doubtless contribute 
greatly to understanding compli- 
cated microbial ecosystems, whether 
planktonic, terrestrial, intestinal or 
any other. 
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Efflux pumps and drug resistance in 
Gram-negative bacteria 
Dzwokai Ma, David N. Cook, John E. Hearst 
and Hiroshi Nikaido 
D rug-resistant strains of bac- teria are an increasing threat to human health’ (see Ref. 2 
and following articles for a review). 
Classical mechanisms of drug re- 
sistance involve enzymatic degra- 
dation and modification of drugs 
(for example, hydrolysis of /3-lac- 
tams and phosphorylation or acetyl- 
ation of aminoglycosides), alter- 
ation of the drug target (for example, 
production of a modified penicillin- 
binding protein by methicillin- 
resistant Staphylococctrs aurczfs) 
or active efflux of specific classes 
of drugs (for example, pumping 
out of tetracycline by the Tet pro- 
tein)‘12. More recently, it has been 
recognized that active efflux pro- 
teins of surprisingly wide specificity 
are common in wild-type bacteria, 
and contribute significantly to the 
intrinsic (or background) resistance 
The outer membrane of Gram- 
negative bacteria can only slow 
down the influx of lipophilic 
inhibitors, and so these bacteria 
need active cfflux pumps of 
broad specificity to survive. 
Pumps such as the Escherichia 
coli Acr system and its homologs 
make Gram-negative bacteria 
resistant to dyes, detergents 
and antibiotics. 
D. Mu, D. N. Cook awd J. FL Hearst me in 
the Dcpt of Chnistry, md H. Nikaido is 
1,~ th Dept of ~Molecrrlnr and Cell uiolugy, 
IJnwersity of California, Berkeley, 
CA ‘14720, IJSA. 
of species such as Pseudomonas 
aeruginosa, which is notoriously 
resistant to most of the commonly 
used antimicrobials’. Multidrug- 
efflux pumps have also been found 
in organisms, such as Escherichia 
co/i, that are usually susceptible to 
common antimicrobial agents. In 
this article, we discuss the idcnt- 
ity and possible functions of these 
pumps, with special emphasis on 
the Acr pump and its homologs. 
Acr and multiple-drug resistance 
It has been known for many years 
that mutations at the acr locus ren- 
der E. co/i more susceptible to a 
broad range of inhibitors, such as 
basic dyes, detergents and hydro- 
phobic antibioti4, but the nature 
of the defect in these mutants rc- 
mained unknown. The diversity of 
the chemical structures of these 
agents makes putative mechanisms 
involving the alteration of drug 
targets or the specific modification 
or degradation of drugs unlikely. 
What appeared to hc most likely 
was a defect in the outer-membrane 
